Improving spectral resolution in cochlear implants is key to improving performance in difficult listening conditions (e.g. speech in noise, music, etc.). Current focusing might reduce channel interaction, thereby increasing spectral resolution. Previous studies have shown that combining current steering and current focusing reduces spread of excitation and improves virtual channel discrimination in a single-channel context. It is unclear whether the single-channel benefits from current focusing extend to a multichannel context, in which the physical and perceptual interference of multiple stimulated channels might overwhelm the benefits of improved spectral resolution. In this study, signal discrimination was measured with and without current focusing, in the presence of competing stimuli on nearby electrodes. Results showed that signal discrimination was consistently better with current focusing than without, regardless of the amplitude of the competing stimuli. Therefore, combining current steering and current focusing may provide more effective spectral cues than are currently available.
Introduction
Most cochlear implant (CI) users have excellent speech recognition in quiet conditions but have more difficulty understanding speech in noise or listening to music. Although 4 spectral channels are sufficient for understanding speech in quiet (Shannon et al., 1995) , many more channels are required for understanding speech in noise or listening to music (Friesen et al., 2001; Smith et al., 2002; Shannon et al., 2004) . While modern CIs typically have 12e22 intra-cochlear electrodes, most CI listeners perform as if they only have access to 4e8 independent spectral channels (Friesen et al., 2001) . The reduced number of effective spectral channels is thought to be due to the broad current spread from stimulated electrodes and the resulting channel interaction from overlapping neural populations. CI simulation studies have shown that increasing the number of functional spectral channels (by reducing channel interaction) improves speech perception, particularly in noise (e.g. Fu et al., 1998; .
Virtual channels (VCs) have been proposed to increase the number of spectral channels beyond the number of physical electrodes. VCs are typically created by simultaneously stimulating two adjacent electrodes in-phase (see Fig. 1 ). The proportion of current on the more basal electrode is denoted by a, and the remainder of the current (1 À a) is delivered to the more apical electrode. The current is "steered" between the physical electrodes by changing the value of a. Several studies have shown that CI users can reliably discriminate a steps as small as 0.2 mm between a pair of physical electrodes (e.g., Donaldson et al., 2005; Landsberger and Srinivasan, 2009 ). Unfortunately, single-channel VC discrimination has not been shown to consistently benefit multi-channel perception. VCs have been implemented in Advanced Bionics' Fidelity 120 speech processing strategy, with no clear advantage in speech perception over the standard 16-channel continuous interleaved sampling (CIS) strategy (e.g. Berenstein et al., 2008; Brendel et al., 2008) . Saoji et al. (2009) and Busby et al. (2008) have shown that the current spread from a VC is similar to the current spread from the stimulation of an individual physical electrode. This suggests that channel interactions due to current spread may limit the spectral resolution with VCs to a similar degree as with physical electrodes, with CI users receiving only 4e8 independent spectral channels. Reducing current spread would most likely also reduce channel interaction, which would, in turn, increase the number of independent spectral channels.
With monopolar (MP) stimulation, the active intra-cochlear electrode is stimulated and an extra-cochlear electrode is used as a ground (see Fig. 1A ), producing relatively broad current spread. Tripolar (TP) stimulation (see Fig. 1B ) has been proposed to reduce current spread via "current focusing" (e.g., Litvak et al., 2007a,b; Berenstein et al., 2008; Bierer and Faulkner, 2010; Landsberger et al., 2012) . With TP stimulation, an active electrode is stimulated and the two flanking (ground) electrodes are stimulated in opposite-phase relative to the active electrode, with each receiving half the current of the active electrode. Because the current loop is entirely intra-cochlear, the current spread is reduced. Physiological (e.g. Bierer and Middlebrooks, 2002; Snyder et al., 2004) , computational (e.g. Spelman et al., 1995; Briaire and Frijns, 2000; Litvak et al., 2007a,b) , and psychophysical (Bierer and Faulkner, 2010; Landsberger et al., 2012) studies have shown that TP stimulation reduces current spread compared to MP stimulation.
One aspect of TP stimulation is that the amount of current required to achieve a comfortable listening level is often above the compliance limit of the device. A variation on TP stimulation, called partial tripolar (PTP) stimulation (see Fig. 1C ) has been proposed to reduce current spread while staying within device compliance limits (e.g. Litvak et al., 2007a,b; Bierer and Faulkner, 2010; Landsberger et al., 2012) . With PTP stimulation, only a fraction of the current (denoted as s) is returned to the adjacent, intracochlear electrodes and the remainder of the current (1 À s) is returned to the extra-cochlear electrodes (a fully TP configuration is denoted by s ¼ 1). Previous studies have shown that current spread can be significantly reduced for s values >0.5 (Litvak et al., 2007a,b; Bierer and Faulkner, 2010; Landsberger et al., 2012) . However, even if current spread is reduced with PTP stimulation, the number of spectral channels transmitted is limited by the number of physical electrodes. With a 16-electrode array, PTP stimulation only allows for 14 spectral channels, as the most apical and basal electrodes can only be used as intra-cochlear grounds. While 14 independent spectral channels would be better than the 4e8 independent channels currently available to most CI users, 14 channels are still too few for difficult listening tasks (Shannon et al., 2004; Smith et al., 2002) .
Typically, VCs are implemented by simultaneously stimulating two active intra-cochlear electrodes, and the extra-cochlear grounds are all in-phase, similar to MP stimulation (see Fig. 1D ). For the remainder of this manuscript, these will be referred to as Monopolar Virtual Channels (MPVCs). Landsberger and Srinivasan (2009) proposed combining current steering and current focusing by using four electrode clusters, called Quadrupolar Virtual Channels (QPVCs), thereby increasing the number of spectral channels while reducing current spread. With QPVCs, four intra-cochlear electrodes are used (see Fig. 1E ). The middle two electrodes are stimulated in-phase and the proportion of current delivered to the basal electrode of the pair is denoted by a, similar to current steering with MPVCs. The outer two flanking electrodes are stimulated in opposite phase; the proportion of current delivered to each electrode is s/2, and the remainder (1 À s) is returned to the extra-cochlear ground, similar to PTP stimulation (see Fig. 1 ). Landsberger and Srinivasan (2009) found better VC discrimination with QPVCs than with MPVCs. Srinivasan et al. (2010) found that there was a sharper peak in the spread of excitation (measured with psychophysical forward masked excitation curves) with QPVCs than with MPVCs, which might explain better VC discrimination with QPVC stimulation.
Single-channel psychophysical metrics (e.g., electrode or rate discrimination) have not been shown to be strongly correlated with multi-channel speech perception measures (e.g., Hughes and Abbas, 2006; Zwolan et al., 1997) . Thus, it not surprising that current steering via MPVCs has not been shown to significantly improve speech perception (Berenstein et al., 2008; Brendel et al., 2008; Donaldson et al., 2011) , despite the increased number of single-channel pitch percepts (Firszt et al., 2007; Donaldson et al., 2005 Donaldson et al., , 2011 Landsberger and Srinivasan, 2009 ). Multi-channel metrics, such as spectral ripple resolution (Henry and Turner, 2003; Henry et al., 2005; Won et al., 2007) and spectral modulation detection (Litvak et al., 2007a,b) tend to have more robust correlations with speech perception, probably because multichannel metrics more accurately account for channel interactions across electrodes than do single-channel measures. Therefore, while VC discrimination may be improved (Landsberger and Srinivasan, 2009) and the spread of excitation reduced with QPVC stimulation , it remains to be seen if these benefits are maintained in a multi-channel context.
In this study, signal discrimination (VCs or physical electrodes) was measured with and without competing "distracter" stimuli on nearby electrodes, using MPVC or QPVC stimulation. Within a trial, signals and distracters were the same stimulation mode (either MPVC or QPVC), as would be presumably implemented in a signal processing strategy. The signal alone conditions effectively replicated the single-channel results found in Landsberger and Srinivasan (2009) . The addition of sequentially interleaved distracters extended the results to a parametrically controllable multichannel context. As much of the channel interaction in a speech processing strategy stems from the sequential interleaving of the stimulated channels, the multi-channel stimulus described in this study is likely more relevant to performance through a speech processor as the patterns of stimulation are similar. We hypothesized that if QPVC stimulation significantly reduced current spread, VC discrimination would be better with QPVC stimulation, even with the distracters. If true, this might indicate that current focusing effectively sharpens the "skirts" of the excitation pattern, increasing the "peakiness" of the spectral envelope. Such sharpening of the spectral envelope may benefit CI users in a signal processing strategy. If signal discrimination with MPVC discrimination is poorer with than without the distracters, this might For MPVC and QPVC stimulation modes, a indicates the proportion of current delivered to the more basal electrode in the current steering pair.
explain why current steering (as in Fidelity 120) has not been shown to improve speech perception.
Methods

Subjects
Seven post-lingually deafened CI subjects implanted with the Advanced Bionics CII or HiRes90K device and the HiFocus 1J electrode array (none inserted with positioners) participated in the experiment. Relevant subject demographics are shown in Table 1 . The experiment was conducted using the Bionic Ear Data Collection System (BEDCS version 1.17) with a custom-built MATLAB frontend. All subjects were paid for their participation and all provided informed consent in accordance with the local Institutional Review Board.
Stimuli
Stimuli consisted of three interleaved biphasic pulse trains: one "signal" and two "distracters". The signal and distracter pulse trains were sequentially interleaved (see Fig. 2 ). Each pulse train duration was 300 ms. The stimulation rate was 550 pulses per second per electrode (pps/e). The pulse phase duration was 226 ms. Within a stimulus, the stimulation mode was fixed for the signal and distracters (all MPVC or QPVC).
The signal was steered to 1 of 3 locations within the apical or middle portion of the array (see Fig. 2 ). For the apical region, the signal was steered to locations 3.0, 3.5 or 4.0, where 3.0 and 4.0 refers to stimulation of electrode 3 or 4, respectively (a ¼ 0.0 or 1.0), and 3.5 refers to a VC consisting of simultaneous stimulation of electrodes 3 and 4 (a ¼ 0.5). For MPVC stimulation, 100% of current was returned to the extra-cochlear electrode (s ¼ 0.0). For QPVC stimulation, 75% of the current was returned to intra-cochlear electrodes 2 and 5 (37.5% to each), and 25% was returned to the extra-cochlear electrode (s ¼ 0.75). Similarly, signals were delivered to the middle cochlear region. The signal was steered to locations 7.0, 7.5, or 8.0, with fixed QPVC intra-cochlear return electrodes 6 and 9. Note that for subject C1, signal locations 9.0, 9.5 and 10.0 were used (using QPVC return electrodes 8 and 11) for the middle cochlear region because adequate loudness growth could not be obtained on electrode 7. The signals were presented at loudness balanced, comfortably loud listening levels (see below for more details).
Distracters were presented adjacent to the signal locations. For the apical signal locations, distracters were presented on electrodes 2.0 and 5.0 (see Fig. 2 ). For MPVC stimulation, 100% of the distracter current was returned to the extra-cochlear electrode (s ¼ 0.0). For QPVC stimulation, an a of 0 was used for each distracter. Thus, on electrode 2, 75% of the current was returned to intra-cochlear electrodes 1 and 4, and 25% was returned to the extra-cochlear electrode (s ¼ 0.75). Similarly, for the electrode 5 distracter, 75% of the current was returned to intra-cochlear electrodes 4 and 7, and 25% was returned to the extra-cochlear electrode (s ¼ 0.75). A similar distribution was used for the middle cochlear region. For the 7.0, 7.5 and 8.0 signal locations, the distracters were presented on electrodes 6 (with QPVC returns on electrodes 5 and 8) and 9 (with QPVC returns on electrodes 8 and 11). Although a PTP configuration could have been used for the distracters with return electrodes of 1 and 3, a QPVC configuration with a ¼ 0 was used to maintain a consistent stimulation mode within each trial as a speech processing strategy would presumably also maintain a consistent stimulation mode. The distracters were presented at relatively soft and loud listening levels (see below).
Procedure
Dynamic range estimation and loudness balancing
Thresholds for the distracter stimuli were measured using a two-interval, forced-choice (2IFC) adaptive procedure (3-down/1-up), converging on the 79.4% correct level (Levitt, 1971) . The procedure was terminated after 10 reversals; the first 2 reversals used a 1 dB step size, and the last 8 reversals used a 0.5 dB step size. The average of the last 6 reversals was considered the threshold for that run, and the average threshold across two runs was considered the stimulus threshold. Loudness growth for each signal and distracter was measured using the Advanced Bionics' 11-point loudness scale, where 0 corresponds to "No Sound", 1 corresponds to "Barely Audible", 6 corresponds to "Most Comfortable Level", 8 corresponds to "Maximal Comfortable Level", and 10 corresponds to "Very Uncomfortable". Stimuli were initially played at 5 mA and raised in 5 mA steps (MPVC) or initially played at 30 mA and raised in 10 mA steps (QPVC) until the subject pointed to "Uncomfortable" (9 on the 11-point scale), then lowered in 5 mA (MPVC) or 10 mA (QPVC) steps until the subject pointed to "Maximal Comfort" (8 on the 11-point scale). The procedure was repeated at least 2 times to ensure that the "Maximal Comfort Level" (8 on the 11 point scale) was consistent, and the largest amplitude was taken to be the "Maximal Comfort Level". The dynamic range (DR) was estimated to be the difference between the "Maximal Comfort Level" and threshold in mA.
Signal stimuli (i.e., locations 3.0, 3.5, and 4.0 in the apical region and 7.0, 7.5, and 8.0 in the middle region) were loudness balanced using a knob adjustment (Griffin PowerMate). Apical and middle signals were balanced in separate procedures. For the apical signals, channel 3.0 (using QPVC stimulation) was the reference; for the middle signals channel 7.0 (using QPVC stimulation) was the reference. MPVC signals were loudness balanced to QPVC reference signals. The reference was presented at the "Most Comfortable Level" (6 on the 11-point loudness scale). The reference and comparison stimuli were presented in an alternating manner, with a 300-ms inter-stimulus-interval (ISI). The subject used the knob to adjust the amplitude of the comparison stimulus until it was equally loud as the reference. This procedure was repeated a minimum of 6 times and the loudness balanced level was taken as the average across runs. Thus, within each cochlear region (apical or middle), all QPVC and MPVC signal stimuli were equally loud. Distracter stimuli were loudness balanced using the same procedure as above. For each cochlear region, the two distracters were loudness balanced separately. In the apical region, MPVC channel 2.0 was loudness balanced to QPVC channel 2.0 and MPVC channel 5.0 was loudness balanced to QPVC channel 5.0. Similarly, in the middle cochlear region, MPVC channel 6.0 was loudness balanced to QPVC channel 6.0 and MPVC channel 9.0 was loudness balanced to QPVC channel 9.0 (for subject C1, distracters in the middle region were channels 8.0 and 11.0, but the same procedure was used). Two distracter levels were also balanced in separate procedures. For the "soft" distracters, the reference level was 40% of the reference electrode DR with QPVC stimulation. For the "loud" distracters, the reference level was 70% of the reference electrode DR with QPVC stimulation. MPVC distracters were loudness balanced to QPVC references. Thus, within the apical and middle regions, and within the soft and loud distracter levels, all MPVC and QPVC distracter stimuli were equally loud. The reference levels for distracters were set by % DR in order to maintain roughly equivalent loudnesses of the distracters across subjects. Subjects subsequently confirmed that the soft distracters were at roughly 3e4 ("soft" to "medium soft") and the loud distracters were at roughly 6e7 ("most comfortable" to "loud but comfortable") on the AB loudness scale.
VC discrimination
VC discrimination was measured using a 3IFC procedure for three distracter conditions (no distracter, soft distracter, and loud distracter) at each cochlear region (apical or middle) and for both stimulation modes (MPVC or QPVC). Two intervals (randomly assigned) contained the reference stimulus (i.e., the same VC signal location) and the third interval contained the probe stimulus (i.e., a different VC signal location). The location of the distracters remained the same across intervals. The ISI was 300 ms. Subjects were asked to pick the interval that was different. VC discrimination was measured for each distracter and stimulation mode condition in separate procedures (i.e., VC discrimination was not directly compared across mode or distracter conditions). Within each condition, all signal locations were compared with each other 30 times to determine the proportion of correct responses for the three pairwise comparisons. Signal and distracters were amplitude-roved by AE0.4 dB to further reduce any potentially confounding loudness cues. Fig. 4 shows similar data, but for the middle cochlear region. As expected, discrimination was poorer with the distracters than without. Distracter level seemed to have an inconsistent effect, strongly affecting discrimination for some subjects (C1 and C3 in the middle region) but not others (C7 and C8 in the apical region). While the loud distracter seemed to impact discrimination for most subjects, signal discrimination scores remained high (near 70% correct) for subjects C1, C4 and C7 in the apical region with QPVC stimulation. In general, signal discrimination with QPVC stimulation was as good as with MPVC stimulation, if not better.
Results
Three-way repeated measures analyses of variance (RM ANOVAs) were performed for each cochlear region (apical and middle), with distracter level (no distracter, soft distracter or loud distracter), stimulation mode (MPVC or QPVC) and a-value (0 vs. discrimination with 1.1 mm spatial extent was better than discrimination with 0.55 mm extent. We compared stimulation modes across conditions (both distracter level and cochlear location), as shown in the scatter plots in Fig. 5 . Across plots, the majority of points are above the diagonal (where discrimination was equal for MPVC and QPVC stimulation), indicating that signal discrimination was generally better with QPVC than with MPVC stimulation. The vertical and horizontal Fig. 3 , but for the middle region. Note that for subject C1, the signal was located between electrodes 9 and 10, and the distracters were located at locations 8.0 and 11.0. dashed lines in each plot indicate discrimination at the d 0 ¼ 1 level (63% correct) for MPVC and QPVC stimulation modes, respectively. The bottom left quadrant in each plot therefore represents stimuli that were not discriminable (d 0 < 1) with either stimulation mode. Similarly, points in the upper left quadrant (shaded) of each plot represent stimuli that were discriminable with QPVC stimulation (d 0 ! 1), but not with MPVC stimulation (d 0 < 1). The mean improvement for QPVC stimulation relative to MPVC stimulation across cochlear regions was 0.11 points with no distracter, 0.16 points with the soft distracters, and 0.88 points with the loud distracters (in units of proportion correct). With no distracter, many subjects performed near ceiling with both MPVC and QPVC stimulation, which may explain why there were smaller improvements observed with QPVC stimulation in the no distracter condition than in the soft distracter condition.
The data were re-plotted to show the effect of the distracters within each stimulation mode for a ¼ 0.5 comparisons (i.e. 1 VC between the two adjacent electrodes). Fig. 6 shows the decrease in proportion of correct responses from the no distracter condition with either the soft distracter (top row) or loud distracter (bottom row). Both individual data and average data are shown. In the no distracter condition, the mean proportion of correct MPVC responses is 0.72 and mean proportion of correct QPVC responses is 0.84. Proportion of correct responses falls to 0.61 and 0.76 (MPVC and QPVC respectively) in the soft distracter condition, and to 0.43 and 0.52 (MPVC and QPVC respectively) in the loud distracter condition. Two-tailed, paired t-tests showed that within a stimulation mode, drops in performance with the added distracters were all significant (t 13 ¼ 4.34, 2.52, 7.85, 7.99 respectively, with p < 0.05). 
Discussion
QPVC stimulation combines current steering (with VCs) and current focusing (similarly to TP/PTP stimulation). The intent is to provide a stimulation mode which improves spectral resolution by both stimulating in more locations spatially (through current steering) and to reduce channel interaction (through current focusing). Previous single-channel studies have shown that VC discrimination was better (Landsberger and Srinivasan, 2009) and that the local peaks of excitation within adjacent electrodes (1.1 mm spatial extent) was more sharply peaked with QPVC than with MPVC stimulation . The results of the present study demonstrate that the benefits of QPVC stimulation (as observed by Landsberger and Srinivasan, 2009 ) persist in a multi-channel context. Specifically, the results showed that mean discrimination was better with current focusing (QPVC stimulation) than without (MPVC stimulation) in both single and multi-channel contexts, but that the benefit varied considerably across subjects.
Effect of current focusing
QPVC discrimination was better than MPVC discrimination at all distracter levels, demonstrating that current focusing improves target signal discrimination in both a single-and multi-channel context. QPVC stimulation may be most beneficial when spectral channels cannot be discriminated with MPVC stimulation (e.g., the shaded quadrants in Fig. 5 ). Of particular note, there were 3 subjects who could not distinguish adjacent physical electrodes with MPVC stimulation but were able to discriminate the electrodes with QPVC stimulation (i.e., the loud distracter condition in the middle cochlear region, as shown in the bottom right panel of Fig. 5 with the open symbols). Although 0.55 mm discrimination was not improved (i.e. the 3.0 vs 3.5 or 3.5 vs 4.0 comparisons), the improved discrimination of the physical electrodes (1.1 mm) might also improve the functional spectral resolution for these subjects. Conversely, subjects who exhibited "floor effects" and could not discriminate signals with either stimulation mode might not benefit from the small improvements in discrimination with QPVCs (lower left quadrants of Fig. 5 ). In the same vein, it is possible that for subjects who exhibited strong ceiling effects with either stimulation mode and consequently showed little improvement with QPVC stimulation (upper right quadrants of Fig. 5 ), stronger benefits might have been observed for smaller a value comparisons. Indeed, the present "no distracter" condition replicated the experiments in Landsberger and Srinivasan (2009) , but with a smaller subset of a-values. In that study, no large ceiling effects were observed, as a-steps of 0.2 were tested (compared to 0.5 in the present study).
In this experiment, subjects were essentially asked to discriminate shifts in a spectral profile. In the no distracter condition, the spectral profile was very simple, and the stimulus allowed full access to the "skirts" of the signal. In the soft and loud distracter conditions, the competing distracter stimuli might have obstructed the shift in the skirt of the signal. It is unclear whether subjects discriminated the signal by attending to shifts in the peak of excitation or at the edges of excitation. Current focusing may have sharpened the skirts of excitation of the distracters, allowing a more complete glimpse of the signal within the spectral envelope. In essence, current focusing might enhance the peak to valley contrasts of the spectral envelope. This would be a step towards restoring the sharper functional tuning inherent in normal hearing listeners. Although the present experiment used QPVC stimulation (combining current steering and current focusing), the benefits of current focusing, particularly for subjects who were able to discriminate physical electrodes in the presence of competing stimuli with QPVC stimulation, might be achieved at least in part with TP/PTP stimulation.
Effect of distracters
As expected, target signal discrimination declined significantly in the presence of the distracters regardless of stimulation mode. However, the effect of distracters was more pronounced with MPVC stimulation than with QPVC stimulation. In many cases, MPVCs that could easily be discriminated when presented in isolation could not be discriminated (at the d 0 >1 level) with concurrent stimulation on adjacent electrodes. Fig. 6 shows that VC discrimination deteriorates from a single-channel context to a multi-channel context (soft and loud distracters, top and bottom rows, respectively), for all subjects, cochlear regions and stimulation modes. For the no distracter condition, mean MPVC discrimination was >70% correct, indicating that in isolation, at least one VC was discriminable between adjacent electrodes. This result is in agreement with Firszt et al. (2007) who found that more than 60% of ears in the apical and middle regions could discriminate at least one VC. However, in the loud distracter condition, average MPVC discrimination fell to near chance level (see Fig. 6 ).
The effect of the loud distracters on signal discrimination was quite strong for the middle cochlear region (bottom right column, Fig. 5 ), as discrimination d 0 was <1 in 20/21 cases with MPVC stimulation. The deterioration of MPVC signal discrimination ability in the presence of distracters (shown in the present data) may shed light on why MPVCs offer little advantage in speech perception over standard CIS processing using physical electrodes (e.g., Berenstein et al., 2008; Brendel et al., 2008; Donaldson et al., 2011) , despite promising single-channel psychophysical data (e.g., Donaldson et al., 2005 Donaldson et al., , 2011 Firszt et al., 2007) .
Inter-subject variability
While mean MPVC and QPVC signal discrimination declined with increasing distracter level, individual subjects' susceptibility to the distracters varied considerably. For example, signal discrimination in the apical region was relatively unchanged across distracter levels for subjects C8 and C9, for both the MPVC and QPVC stimulation modes (see Fig. 3 ). Signal discrimination in the middle region declined sharply for subjects C1 and C7 as the distracter level increased from soft to loud (see Fig. 4 ). Also, while mean signal discrimination was better with QPVC than with MPVC stimulation for all distracter levels, the benefit for individual subjects and/or experimental conditions was highly variable. For example, signal discrimination in the middle region was considerably better with QPVC stimulation for subjects C8, C9 and C14, but not for subjects C1 and C4. The variability in the data may be due to several sources. For example, some subjects performed at ceiling with both stimulation modes and thus could not benefit from QPVC stimulation (e.g., C1 and C4 performance in the no distracter and soft distracter conditions in the middle region).
Another source of variability in the data may be the geometry of the electrodes relative to the neural population (i.e., distance of the electrode to the nerve) and the health of the electrode-neural interface (e.g., the degree of spiral ganglion cell survival, ossification, etc.). Litvak et al., 2007a,b modeled the reduction in current spread with TP/PTP stimulation for electrodes positioned close and far from the nerve. They found that while electrodes close to the nerve exhibited narrower current spread regardless of stimulation mode, electrodes farther from the nerve exhibited a greater reduction in current spread with TP/PTP stimulation relative to MP stimulation. This suggests that QPVC stimulation might not produce a large reduction in current spread when electrodes are very close to the nerve, which in turn might not improve signal discrimination with QPVC stimulation, relative to MPVC stimulation. Electrodes at a larger distance from the nerve might exhibit greater differences between stimulation modes, with better signal discrimination with QPVC than with MPVC stimulation, but with possibly lower performance for both stimulation modes compared to performance when the electrode is close to the nerve. Bierer and Faulkner (2010) found that psychophysical tuning curves can differ considerably in width for both MP and PTP stimulation, even within the same subject. Exceptionally broad tuning curves might indicate "dead regions", with very sparse spiral ganglion cell survival and presumably poor spatial selectivity. If the electrodes tested in the present experiment were near dead regions, VC discrimination would be expected to be poor, regardless of stimulation mode.
Conversely, if the electrodes tested in this experiment were near regions of high spiral ganglion cell survival, subjects might have achieved a ceiling signal discrimination performance with both stimulation modes. Thus, for both MPVC and QPVC stimulation, spectral resolution may be limited by the electrode geometry and pattern of neural survival.
Relationships to other multi-channel metrics and to speech perception
We are ultimately interested in whether QPVC stimulation provides a benefit in speech perception relative to MPVC stimulation. Although previous single-channel studies have shown that QPVC stimulation increases the number of discriminable steps between adjacent electrodes (Landsberger and Srinivasan, 2009 ), single-channel psychophysical measures of spectral discrimination often do not predict the multi-channel performance we are attempting to improve. Studies relating single-channel psychophysical metrics (e.g. electrode discrimination or pitch ranking) to speech perception have had mixed results, with some studies (e.g. Hughes and Abbas, 2006; Zwolan et al., 1997) finding no relationship and other studies (e.g. Henry et al., 2000; Nelson et al., 1995; Throckmorton and Collins, 1999 ) finding significant correlations.
Multi-channel measures of spectral sensitivity such as spectral ripple resolution (e.g. Henry et al., 2005) and spectral modulation detection (Litvak et al., 2007a,b) have been more consistently correlated to speech performance. Such multi-channel measures may more reliably predict speech performance because, in stimulating the entire array, they incorporate the effects of channel interaction. The present study, which incorporates channel interaction through the interleaving of competing distracter stimuli, shows that spectral envelope discrimination is improved with current focusing. Because the stimuli used in the present experiment incorporate channel interaction, it is likely that performance in the present experiment will predict speech performance similarly to spectral ripple discrimination or spectral modulation detection experiments.
Although other multi-channel stimuli have shown correlations with speech perception, the multi-channel stimuli in this study differ from previous stimuli in a few important ways. Typically (e.g., Henry et al., 2005; Litvak et al., 2007a,b) , speech perception and a corresponding psychophysical measure of spectral resolution are both measured using CI subjects' clinical processors and associated settings (e.g., frequency allocation, amplitude mapping, etc.). As a result, the performance on the two tests is not independent. For example, a poorly mapped parameter (e.g. dynamic range, automatic gain control, frequency allocation tables) will limit performance similarly on both tasks. The present study bypassed subjects' clinical processors and presented stimuli directly through the BEDCS system. As a result, the variability in performance across subjects is less likely to be influenced by clinical processor parameters. If the present results were to be related to speech perception, the correlation might suffer as consistent effects of a fixed clinical map will be eliminated. Another difference is that the present experiment provides localized measures of spectral resolution whereas spectral ripple discrimination and detection typically measure performance across large section of the array. Spectral ripple tasks can potentially be performed by only attending to the "best" region (where electrode position and neural survival are optimal). As such, spectral resolution may be overestimated in those studies. By comparing the multi-channel VC discrimination scores in the present study (measured in localized cochlear regions) to speech perception results, we might be able to determine which spectral regions are most critical for speech perception.
Implications for CI signal processing
Due to the improved spectral envelope discrimination, QPVC stimulation within a CI signal processing strategy might benefit detection of formant shifts and transitions. QPVC stimulation may sharpen the spectral envelope and enhance spectral peaks and valleys. Loizou and Poroy (2001) showed that CI listeners typically require a 4e6 dB spectral contrast in vowels for accurate identification, while NH listeners only require 1 dB of contrast (as is typically observed across formants in the unprocessed acoustic signal). If QPVC stimulation sufficiently sharpens the spectral envelope, CI users may better perceive weak spectral cues at lower contrasts which might improve speech understanding. Current steering may also allow for better coding of formant transitions. Luo et al. (2010) recently showed that CI subjects could use MPVC stimulation to detect spectral transitions between physical electrodes, when presented in a single-channel context. By sharpening the spectral envelope, QPVC stimulation might provide even greater benefit, and the present multi-channel data suggests that the benefits may extend to more complex, speech-like stimuli.
The present study demonstrated that signal discrimination, whether between physical electrodes (a ¼ 1) or virtual channels (a ¼ 0.5), is sensitive to competing stimuli on nearby electrodes. This implies that MPVCs may not provide additional spectral cues beyond the physical electrodes when implemented in a speech processing strategy (e.g., Fidelity 120), due to channel interactions. The present data showed that QPVC stimulation was less susceptible to distracter stimuli, and therefore may be more robust to channel interactions. The crucial test for the viability of QPVC stimulation will be speech perception, particularly in noise. The present data suggests that QPVC stimulation may provide better speech performance than MPVC stimulation, at least for some CI patients.
Although the present study demonstrates improved spectral resolution with QPVC stimulation, there are complications with implementing a speech processing strategy utilizing QPVC stimulation. QPVC (and TP) stimulation requires ground electrodes on the apical and basal edges of the multi-electrode configuration. As a result, the most apical and basal electrodes (1 and 16 respectively for the Advanced Bionics device) can only be used as grounds with a strategy implementing only QPVC (or TP) stimulation. Effectively, this limits the range of place of stimulation to be only the cochlear extent which corresponds to electrodes 2 through 15. In order to prevent a reduction in the range of spectral information, a clinical implementation of a QPVC (or TP) strategy would require an alternate stimulation mode (such as MP or BP) for electrodes 1 and 16. The spatial extent could be extended even further by using "phantom" electrode stimulation (Saoji and Litvak, 2010 ) on electrodes 1 and 16.
Another limitation of QPVC stimulation (or TP) is that more current is required to maintain a fixed loudness than with MP (or MPVC) stimulation. In order to remain within device compliance, longer phase durations are required to reach adequate loudness. Ultimately, phase duration (and the number of channels presented in a sweep) limit the stimulation rate. Using the 226 ms phase duration tested in this experiment, a 14-channel strategy would have a stimulation rate of only 158 pps/e. However, a more reasonable phase duration (128 ms) combined with 8 maxima in an n-of-m strategy would allow a stimulation rate of 488 pps/e as discussed in Landsberger and Srinivasan (2009) . Although a rate of 488 pps/e is lower than what is typically used clinically, studies (e.g. Vandali et al., 2000; Holden et al., 2002) have shown no consistent or significant or substantial effect of higher stimulation rates. Patients using SPEAK (at 250 pps/e; Whitford et al., 1995) in the Nucleus device or Crystalis (at 500 pps/e; Lazard et al., 2010) in the Neurelec device perform quite well with similarly low stimulation rates. Furthermore, the need for temporal resolution is greatly reduced when adequate spectral information is presented (e.g. Xu et al., 2005) .
A further limitation with QPVC stimulation (as well as other current focusing stimulation modes) is that multiple current sources are required which can independently stimulate simultaneously in or out-of-phase. The only device presently on the market that meets this requirement (and therefore is capable of implementing current focusing) is the Advanced Bionics HR90K device. The Med-El i 100 platform (e.g. Sonata, Pulsar and Concerto) has the ability to simultaneously stimulate on multiple electrodes, but cannot stimulate simultaneously out-of-phase. As a result, the i 100 devices can create MPVC stimulation, but not QPVC stimulation. All commercial devices from Cochlear have only one current source and therefore are limited to stimulation in MP, BP, or common ground (CG) stimulation modes. However, recent research from Cochlear has indicated that they are investigating properties of current focusing with independent current sources (e.g. van den Honert and Kelsall, 2007) suggesting that future iterations of their device might have this capability.
